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ABSTRACT
Free-field ground motion during earthquake can be conveniently represented by response spectrum for a given level of damping and ductility.
Typical response spectra have been established in several seismic codes, as the Eurocode EC8, but for real seismic events some disagreements
may be still encountered. The disagreements come from the presence of soil formations or local site conditions which can differ G-om those
provided by seismic codes.
During the recent Umbro-Marchigiano
earthquake, happened in Italy in the September-October
1997, 198 records ofhorizontal acceleration
have been collected from more than 30 accelerometric stations. Soil conditions have been known in detail for 90 records so allowing their
classification into four categories: hardrock (28 records), weak rock (28 records), stiff soil (20 records) and soft soils (14 records). Depending
on soil conditions, elastic and inelastic response spectra of acceleration, velocity and displacement have been evaluated for discrete values of
damping ratio and ductility factor.
Comparisons have shown that for sofi soil the Umbro-Marchigiano
earthquake gives an elastic acceleration spectrum and a displacement
spectrum which are less conservative than those provided by EC8.
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Earthquake hazard in urban sites has two principal aspects: the hrst
is related to the vulnerability of building to the seismic forces,
while the second concerns the site behaviour under shaking, such
as amplification, landslide, settlement and liquefaction.
In the last decades, amplification efIects have been predicted in
many countries by means ofnumerical modelling of the dynamical
response of the sub-soil (Seed et al. 1976, Maugeri and Carrubba
1997) or by means of site dependent spectra which describe the
effect related to real seismic events (EC8 1996).
In the period between the 3’d of September and the 14”’ of October
1997, seven main seismic events occurred in the regionsofumbria
and Marche in Italy (Fig. 1). The events have been recorded by
more than 30 stations of the SERVIZIO SISMICO NAZIONALE
(S.S.N. 1999) locatedin this area. The amount ofavailablerecords
was 198 but the geotechnical soil conditions have been known in

The available records from the Umbro-Marchigiano
earthquake
have been grouped together in four groups, depending on the
general soil conditions of the site. The groups are identified
according to these general soil conditions which are: hard rock,
weathered rock, stiff soil and soft soil (Cavallaro and Maugeri
2000, Crespellani et al 2000).
The main information for the four groups of records are shown in
Tab. I (hard rock), Tab. II (weathered rock), Tab. III (stiffsoil) and
Tab. IV (soft soil). In these tables are reported the locality in which
the time history was recorded, the day, the time, the magnitude, the
focus depth, the duration and the maximum ground accelerations
for the E-W and the N-S components.
Soft soil is referred to loose deposits of clays and sand with shear
wave velocities less than 200 m/s and depth less than 30 m,

somedetailsonly for 90 records.

overlaying a stiff bedrock. In this case14 recordsareavailable.

The records have been normalised with respect to the peak ground
acceleration; therefore, elastic and inelastic response spectra of
acceleration, velocity and displacement have been evaluated for
different levels of damping ratio, ductility factor and general soil
conditions of the site.
Comparisons with the normalised response spectra of EC8 have
shown some differences which must be considered in the case of
moderate intensity seismic events as those related to the Italian
Umbro-Marchigiano
earthquake.

StiK soil is referred to old deposits with shear wave velocity not
exceeding 400 m/s; for this case 20 records are available.
Weathered rock is referred to sites in which the geological surveys
have indicated the presence of shallower crushed rock with shear
wave velocity not exceeding 600 m/s; for this case 28 records are
available.
Finally, hard rock is referred to intact rock formations with shear
wave velocities exceeding 800 m/s; also in this case 28 records are
available.
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ANALYSISOF RECORDS
The selected 90 time-histories have been analysed to obtain the
elastic response spectra for discrete values of damping ratios
(c=O%, E=l%, 5=2%, 5=5% and ~=lO%). The analysis has been
carried out by means of the code GEODIN (Frenna and Maugeri
1995) lvhich performs the superposition
of effects for a linear
system by means of the convolution
integral (Newmark and
Rosenblueth 197 1).
The spectra of acceleration, velocity and displacement have been
normalised by scaling the time-history respect to the maximum
ground acceleration achieved in the record.
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Fig. 1. Epicenlres of the main
Marchigiano
earlhquake.
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Fig. 3. Average site dependent elastic spectra of accelerationfor
damping ratro 5~5%.
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Fig. 2. Average normalised elastic response spectra OJ
acceleration for various soil conditions (Damping ratios eO%,
&l%, (=2%, <=S% and (=lO%).
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The mean spectra have been evaluated for a single category ofsoil,,
by averaging the spectral values related to a same category.
The normalised mean acceleration response spectra for a single
soil category are shown in Fig. 2 for various damping ratios. A
comparison of the amplification
effects related to the soil nature is
found in Fig. 3 where the normalised average site dependent
spectra are compared for the same level of damping ratio of 5%.
For periods of vibration lower than 0.3 s amplification
of about
1 SO-3.25 times the maximum ground acceleration canbe expected
for both hard and weathered rocks; for periods of vibration greater
than 0.3 s, amplification
of about 1.50-2.25 can be expected only
for soft soils.
Inelastic response spectra have been derived from elastic spectra
by means of the statistical-analytical
procedure outlined by
Newmark (Newmark and Hall 1Y 82, Clough and Penzien 1 Y93,
Chopra 1995). In Fig. 4 the normalised average site dependent
inelastic spectra of acceleration are shown for a damping ratio of
5% and for discrete values ofthe ductility factor @=l .OO, u=2.50,
u=3.75
and p=S.OO). As ductility
increases the spectral
acceleration decreases, but it can be noticed that very large values
of ductility are not necessary to attenuate the induced accelerations:
for periods greater 0.3 s a ductility of about 2.50 is sufficient to
reduce the spectral acceleration below the maximum ground
acceleration. For periods lower than 0.3 s the same value of
ductility is able to limit amplification to a range not exceeding 1.50
times the maximum ground acceleration.
The Eurocode EC8 gives the normalised
elastic spectra ot
acceleration in relation to three categories of soil (soil A, B and C).
not smaller than 400 m/s, or rock with shear wave velocities not
smaller than 800 m/s. The soil E?is referred to loose deposits with
shear wave velocities between 200 m/s and 3 50 m/s; finally, soil C
is referred to sott soil with shear wave velocities not exceeding
200
m/s. Starting from elastic spectra, the EC8 allows to evaluate the
design spectra for a given value of ductility
The comparison between the EC8 elastic spectra and those related
to the Umbro-Marchigiano
earthquake is shown in Fig. 5. Due to
the wide range of stiffness of soils involved by the UmbroMarchigiano
earthquake, such a comparison can be performed
easily.
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Fig. 4. Average site dependent inelastic spectra of acceleration
for values of ductili(y ~=l.OO, ,u=2.50, ,~=3.75, ~=5.00 and
damping rafioc=5%.
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Fig. 5. Comparisons
between the normalised
elastic response
spectra ofEC8 and those obtainedfor
the Gnbro-Marchigiano
earthquakefor
different soil conditions and dumping ratio @5%.

A general agreement can be observed for hard and stiff soil;
conversely, for soft soil the EC8 becomes less conservative than
the Umbro-Marchigiano
earthquake, especially when vibration
periods greater than 1 .O s are involved.
Comparisons between inelastic spectra, evaluated for p=2.50 (Fig.
6), indicate that for all soil conditions EC8 becomes less,
conservative only for periods lower than 0.3 s.
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The authors have concluded that EC8 gives greater values of
displacements and proposed the corrections shown in fig. 7. The
main modification
is to maintain
constant the spectral
displacements for periods of vibration exceeding 2.0 s.
A comparison between displacement spectra obtained for the
Umbro-Marchigiano
earthquake and those considered byEC8 and
by Tolis and Faccioli (1998) is shown in Fig. 8. The results of this
work indicate that for moderate intensity earthquakes, as the
Umbro-Marchigiano
earthquake, no correction are necessary for
spectral displacements in the range of periods of vibration lower
than 1.5 s. For soft soil the EC8 displacement spectrum is less
conservative
than that related to the Umbro-Marchigiano
earthquake, especially for periods ofvibration
greater than 1.5 s. In
the case of hard rock the spectra ot’ EC8 and of the UmbroMarchigiano
earthquake are comparable,
while for soiis of
intermediate stifiess, like weathered rock and stir’ soil, the EC8
displacement spectra IS more conservative.
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Fig. 6. Comparisons between the normalised inelastic response
speclra ofEC8 and those obtainedjbr the Umbra-Marchigiano
earthquake for d&fferent soil condilions (ductility factor oj‘2.50
and damping ratio of 5%).

Fig. 7. Proposal oj”modiJicufion for EC8 by To/is and Fuccioli
(1998): a) Displacement spectra, b) acceleration spectra.

CONCLUSION
Tolis and Faccioli ( 1Y Y8) have performed a study on displacement
spectra related to real seismic events and have comparedthe results
with the displacements spectra of EC8.
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Many horizontal acceleration records have been collected during
the recent Italian Umbro-Marchigiano
earthquake, happened inthe
September-October
1997.
5

-

EC8 (Sod A)

--Tok

& FaccOl~ (lS8)

Site conditions have beenknown in detail for 90 over 198 records,,
so allowing a classification of the records into four
categories: hard rock, weak rock, stiff soil and soft soils. Elastic
and inelastic response spectra for acceleration,
velocity and
displacement have been evaluated in relation to soil conditions,
damping ratios and ductility coefficients.
Comparisons with the Eurocode EC8 have shown that for vibration
periods greater than 1 second the Umbro-Marchigiano
earthquake
gives an elastic acceleration spectrum for soft soil that is less
conservative than that of EC8; moreover, for periods of vibration
greater than 1.5 s also displacement spectrum for son soil is less
conservative than that ofEC8.
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